"Are you a native of this place?" queried Orlando in Shakespeare's As You Like It . Indeed, it is not always evident whether an individual is indigenous or nonindigenous in origin. Carlton (1996) categorized those taxa not demonstrably assignable to either category as "cryptogenic," remarking that such examples appear to be particularly common among aquatic organisms. Adding to diffi culties in ascribing the appropriate phytogeographic affi nity to a species is the fact that genetically nonindigenous populations can occur within the indigenous range of some taxa. Although such reports are relatively uncommon in the literature, examples have been documented in fi sh ( Mabuchi et al., 2008 ) , insects ( Mun et al., 2003 ) , and fl owering plants ( Brodersen et al., 2008 ; Simberloff et al., 2012 ) . Notable in the latter group is Phragmites australis (Cav.) Trin. ex Steud., a case in which invasive, nonindigenous genotypes have progressively displaced indigenous populations, following their initial introduction into North America ( Saltonstall, 2002 ) .
A thorough understanding of the genetic composition of nonindigenous populations is essential in the development of effective management plans. Such knowledge is particularly important where multiple intraspecifi c introductions have occurred, because dissimilar genotypes can differ physiologically ( Brodersen et al., 2008 ) , possess varying degrees of resistance to herbicides ( Michel et al., 2004 ; Benoit and Les, 2013 ) , and exhibit different susceptibility to biological control agents ( Karban, 1992 ) . Thus, in cases where nonindigenous genotypes have been introduced into the indigenous range of a species, concerns are heightened about hybridization and generation of uniquely adapted, potentially invasive genotypes. It also remains unclear to what extent the introduction of foreign alleles might infl uence the ability of native plant populations to respond to changing environmental conditions. To fully evaluate the potential impact of nonindigenous populations, however, it is fi rst necessary to detect them, and this task can be daunting for conspecifi c introductions because of their high degree of phenotypic similarity to native populations.
In the course of an ongoing systematic investigation of the genus Najas L., we became interested in the distributional pattern exhibited by Najas gracillima (A. Braun) Morong, a submersed, annual, aquatic angiosperm native to North America and [Vol. 100 been poorly quantifi ed in N. gracillima and requires further evaluation, especially with respect to the CA occurrences.
The present study was undertaken to evaluate these different possibilities with hopes of providing a better understanding of the species' current distributional pattern. Our approach was to procure material of N. gracillima for genetic and morphological analyses from as many portions of its existing range as possible to ensure proper identifi cation of the material as well as to facilitate among-population comparisons. Our primary objectives were (1) to ascertain whether the anomalous CA occurrences of N. gracillima are indigenous or nonindigenous to North America-if the CA plants are indigenous, they should exhibit greater genetic and morphological (seed) similarity to eastern North American than to Asian populations; and (2) to evaluate the role of southern populations of N. gracillima in the postglacial recolonization of northern habitats in eastern North America. By comparing the genetic profi les of plants sampled in presumed refugia south of the last glacial maxima to those in deglaciated regions north of that boundary, we hoped to identify the most likely postglacial migratory routes followed by this species.
MATERIALS AND METHODS
Sampling and mapping -Field work was conducted from 2009 to 2012 in all 24 states where Haynes (2000) reported historical records of N. gracillima . At each occurrence located, specimens were retrieved by hand or using a 3.7-m collapsible rake. Field-collected plants were preserved for genetic analysis in CTAB solution ( Rogstad, 1992 ) and preserved as dried herbarium material for voucher specimens, which were deposited in the CONN herbarium (Appendix 1). These collections were georeferenced on site using a GPSmap 76CS portable GPS unit (Garmin International, Olathe, Kansas, USA). Colleagues contributed additional material of N. gracillima from one nonindigenous European locality (Italy), six indigenous Asian populations (Korea), and nine North American populations; permission also was granted to extract DNA from herbarium specimens (CDA, CONN, EIU, ILLS, JEPS, LSU, UC, and UNA), which provided study material from 12 North American localities (Appendix 1). Herbarium accessions were georeferenced manually using locality information provided by the collectors. Data from fi ve previously reported sites ( Les et al., 2010 ) also were added. Altogether, 52 N. gracillima collections (7 Eurasian and eastern Asia ( Triest, 1988 ) . In particular, the present North American distribution of this species ( Haynes, 2000 ) is unusual in several respects.
When common, Najas species are a major food of waterfowl, which readily consume the seeds and leafy portions of the plants ( Martin and Uhler, 1939 ) . However, N. gracillima (slender waternymph) is relatively rare throughout its range, being listed as imperiled (S1-S3) in 56% of the 24 American states and three Canadian provinces where historical records exist ( Haynes, 2000 ; NatureServe, 2012 ) . Most occurrences are concentrated in the region north of the last (Pleistocene) glacial maximum (LGM), mainly along the eastern seaboard and scattered throughout the Upper Midwest ( Haynes, 2000 ) . Disjunct and sporadic sites exist in the upper Mississippi Valley region, and along the southeastern piedmont, extending as far south as Alabama ( Haynes, 2000 ) . The contemporary decline of N. gracillima populations is attributed primarily to cultural eutrophication, because this species is categorized ecologically as one requiring cool northern habitats characterized by clear, soft, unpolluted water ( Wentz and Stuckey, 1971 ; Haynes, 1979 ) .
In this respect, the southern range extent of N. gracillima is anomalous because such localities usually are atypical of these conditions. Further complicating matters has been the 20th-century introduction of N. minor All., a morphologically similar but nonindigenous species. The close vegetative resemblance of N. gracillima to the nonindigenous N. minor ( Meriläinen , 1968 ; Wentz and Stuckey, 1971 ; Haynes, 1979 ) has resulted in numerous misidentifi cations, which have led to inaccurate distributional accounts. Unlike N. gracillima , N. minor thrives in warmer, turbid, eutrophic conditions ( Wentz and Stuckey, 1971 ) , raising the possibility that some of the southern records of N. gracillima could represent misidentifi cations of N. minor . However, the presence of fossil N. gracillima seeds deposited in representative southern sites some 12 000-20 000 yr ago has implicated the southern region as a glacial refugium for the species ( Stuckey, 1983 ) , so it is possible that it survives there essentially as a relict. Because of these complicating factors, it remains unclear how or to what extent the southern populations of N. gracillima have contributed to the reestablishment of northern postglacial populations.
Most unusual are reports of N. gracillima from the Sacramento Valley of the thoroughly botanized state of California (CA), which fi rst materialized in 1966 (data provided by the participants of the Consortium of California Herbaria: http:// ucjeps.berkeley.edu/consortium/) and are disjunct by >2400 km from the nearest eastern North American occurrences of the species. Presumably, this pattern represents a recent introduction of native N. gracillima to the western United States ( Kartesz, 2011 ) , which would imply that CA populations originated from native populations in eastern North America. The precise source of the CA plants, however, has never been elucidated. Despite the recency of the CA records, the occurrence of disjunct western distributions in other predominantly eastern aquatic plants ( Les, 1986 ) does not entirely rule out the possibility that N. gracillima might be indigenous to the state, but somehow overlooked. However, N. graminea Delile, a nonindigenous Asian species introduced to CA as an agricultural (rice-fi eld) weed ( Thorne et al., 2012 ) , suggests yet another possibility, given that N. gracillima is known to have been introduced to southern Europe similarly as a rice-fi eld weed ( Triest, 1988 ) . By comparing relative seed lengths, Triest (1988) concluded that the European introduction of N. gracillima probably originated from an Asian rather than North American source; however, variation in seed morphology ( Fig. 1 ) has in pixels divided by pixels/mm for each corresponding magnifi cation. Ranges in seed length were compiled from the resulting data separately for specimens originating from Korea, Italy, CA, and the United States (excluding CA). Mean seed lengths among North American nrITS genotypes were compared with QuickCalcs (GraphPad Software, San Diego, California, USA) using two-tailed t -tests (assuming equal variance), although sample sizes of several genotypes (nr4, nr5) were too small to provide meaningful comparisons. The same analysis was performed to compare the mean of pooled North American seed data (nr1-6; excluding CA) to the mean of pooled seed data from CA and Italy (nr7).
Additional seed-length data were obtained for comparison from several accounts in the literature. These sources included the seed-length ranges reported for N. gracillima by Triest (1988) , who provided separate values for indigenous Asian specimens, southern European (nonindigenous) specimens, and North American material. The seed-length range of N. gracillima reported by Na and Choi (2012) also was incorporated, based on measurements of 18 Korean specimens, including six that we sampled in our DNA sequence analyses (Appendix 1).
DNA isolation, sequencing, and analysis -DNA sequence data were obtained from three loci (nrITS, rbcL , trnK / matK ) following Les et al. (2010) . Briefl y, total genomic DNA was extracted using standard methods ( Doyle and Doyle, 1987 ) . A slightly modifi ed protocol that reduced the initial incubation time and number of chloroform and 70% ethanol washes was used for dried herbarium material. Amplifi cation and DNA sequencing of the nuclear ribosomal (nr) region (ITS-1, 5.8S, and ITS-2; 741 nt) and chloroplast (cp) Les et al. (2010) . Because our earlier work showed the ITS region to be the most variable of these loci in Najas , it was sequenced for all accessions. Variation among the aligned ITS sequences was summarized as a parsimony split network using the program Splitstree4 ( Huson and Bryant, 2006 ) to depict relationships among the N. gracillima genotypes detected. Analysis of the cp regions was performed only on a subset of accessions representing each nrITS variant pool: trnK / matK (28 accessions); rbcL (25 accessions). As each novel genotype or haplotype was encountered, accessions were resequenced at least once to eliminate the possibility of polymerase chain reaction artifacts or other sequencing errors.
All new sequences were generated using an ABI 3100 automated sequencer (Applied Biosystems, Foster City, California, USA). Sequence data (nrITS) for the Korean material were retrieved from GenBank (HQ687138-HQ687143) after verifi cation from our analysis of material originating from the same accessions (kindly provided by H. K. Choi). Sequences were aligned using MUSCLE as implemented in MEGA5 ( Tamura et al., 2011 ) Georeferenced records were mapped using the ArcMap application as implemented in the ArcGIS 10 Desktop software package (ESRI, Redlands, California, USA) with points displayed using a North America Lambert Conformal Conic (ESRI: 102009) projection. A GIS layer was added to represent the distribution of N. gracillima as reported previously by Haynes (2000) . This feature was achieved by downloading the map from the FNA website (http://www. efl oras.org/object_page.aspx?object_id=11260&fl ora_id=1), tracing it using CorelDraw version 12 (Corel, Mountain View, California, USA), and importing the resulting image into ArcMap, using the Georeferencing tool to match the distribution accurately to the projection. Similarly, a map layer was provided to depict the extent of glaciation reached during the LGM based on Dyke (2004) . Sixteen N. gracillima macrofossil (seed) localities were added to the map from reports by Wright and Watts (1969) , Watts (1970 ; , Delcourt (1980) , Delcourt et al. (1983) , Stuckey (1983) , Watts et al. (1992) , Delcourt and Delcourt (1996) , Almquist et al. (2001) , and Hilgartner and Brush (2006) .
Seed morphology -Digital image analysis was used to obtain length measurements for 65 N. gracillima seeds sampled from 26 accessions originating from three regions: the United States, excluding CA ( n = 51); CA ( n = 12); and Italy ( n = 2) (Appendix 1). The sample of seeds measured included all nrITS genotypes (see below) found in the United States (nr1-nr7; Fig. 2 ) . Prior to measurement, the thin, adhering pericarps were removed by rolling each seed lightly across a cellophane tape surface.
Seeds were photographed at 31.5 × , 40 × , or 50 × magnifi cation using a Leica MZ16 dissecting microscope connected to a JVC KY-F75U digital camera. Three or four images per seed were taken manually at different depths of fi eld. Depth-of-fi eld reconstruction software Auto-Montage Pro version 5.02.0096 (Syncroscopy, Frederick, Maryland, USA) was used to align and compile images into a single image per seed. The number of pixels per millimeter was determined by measuring one millimeter on a ruler for each magnifi cation using the measure tool in the GNU Image Manipulation Program (GIMP) for Mac version 2.6.6 (http://www.gimp.org). The length in pixels was measured as the line from the point of the funiculus connection, to the distal end of the seed; width was determined as a line perpendicular to the length line at the widest point of the seed. Length and width in millimeters were calculated as the measurements Fig. 2 . Discrete length classes (above and below horizontal black line) distinguish seeds from indigenous versus nonindigenous (asterisked) source populations of Najas gracillima . Sample sizes ( n ) are indicated for all seeds measured in this study (see Appendix 1). The range bars include means (short horizontal bars) for those measurements reported in this study or by Na and Choi (2012) . The ranges of seed lengths corresponding to different U.S. genotypes (nr1-6) vary but remain distinct from Eurasian and California plants (nr7-9). Raw data were unavailable from values reported by Triest (1988) or Na and Choi (2012) . For newly reported data, means sharing the same letter or number within or between size classes did not differ signifi cantly ( P < 0.05).
(1.60-2.20 mm) but did not overlap with the ranges reported for North American plants (excluding CA specimens) ( Fig. 2 ) . The CA specimens of N. gracillima ( n = 12) possessed seed lengths (1.64-2.00 mm) that fell within the range (1.60-2.20 mm) reported across all Old World accessions ( Fig. 2 ) . Seeds from the six indigenous North American nrITS genotypes ranged in length as follows (sample sizes indicated): nr1 ( n = 14), 2.45-2.90 mm; nr2 ( n = 14), 2.66-3.31; nr3 ( n = 8), 2.44-3.04; nr4 ( n = 2), 2.80-2.95; nr5 ( n = 3), 2.38-2.44; and nr6 ( n = 10), 2.38-2.76. Although these ranges differed somewhat (mainly with respect to the smaller sample sizes), minimum seed lengths of all six genotypes exceeded the maximum lengths of seeds reported from Eurasia or CA ( Fig. 2 ) .
Mean seed lengths from our data were as follows: nr1 ( n = 14), 2.66; nr2 ( n = 14), 2.93; nr3 ( n = 8), 2.69; nr4 ( n = 2), 2.88; nr5 ( n = 3), 2.41; nr6 ( n = 10), 2.57; nr1-6 ( n = 51), 2.72; CA ( n = 12), 1.84; and Italy ( n = 2), 2.00. The mean length of pooled eastern North American seeds (genotypes nr1-6) differed signifi cantly ( P < 0.05) from seed-length data for genotype nr7 from CA ( t = 13.71, df = 60, P < 0.01), Italy ( t = 4.69, df = 50, P < 0.01), and CA + Italy ( t = 14.27, df = 62, P < 0.01). Mean seed lengths of genotype nr7 also differed signifi cantly from each of the eastern North American genotypes: nr1 ( t = 15.84, df = 26, P < 0.01), nr2 ( t = 19.71, df = 26, P < 0.01), nr3 ( t = 11.65, df = 20, P < 0.01), nr4 ( t = 11.50, df = 14, P < 0.01), nr5 ( t = 7.83, df = 15, P < 0.01), and nr6 ( t = 14.33, df = 22, P < 0.01). Otherwise, signifi cant differences involved only genotypes nr2, nr5, and nr6. Seeds of nr2 generally were larger, their mean length differing signifi cantly from all other genotypes except one, as follows: nr1 ( t = 4.48, df = 26, P < 0.01), nr3 ( t = 2.91, df = 20, P < 0.01), nr5 ( t = 5.30, df = 15, P < 0.01), and nr6 ( t = 5.86, df = 22, P < 0.01), the exception being nr4 ( t = 0.45, df = 14, P = 0.66), which had a small sample size ( n = 2).
Mesquite ( Maddison and Maddison, 2011 ) . Newly generated sequences associated with all voucher material (see Appendix 1) were accessioned in GenBank under the following series: KF016094-KF016134 (nrITS); KF016048-KF016069 ( rbcL ); and KF016070-KF016093 ( trnK / matK ).
RESULTS
Despite fairly extensive searches, we did not collect N. gracillima populations in a number of states (AL, DE, IL, MI, MD, NC, NJ, NY, OH, SC, and VA), which we attributed to extreme rarity, extirpation, or misidentifi cation of plants in those localities. By supplementing our fi eld collections with herbarium specimens, however, we were able to evaluate material from 19 of 25 (76%) of the states where N. gracillima has been reported (Appendix 1). These accessions represent a reasonable survey of extant N. gracillima localities throughout the reported range of the species, including a thorough sampling of the anomalous CA occurrences ( Fig. 3 ) .
Mapped macrofossil localities provided records of N. gracillima extending more than 33 thousand years before present (kybp). The age of macrofossil localities south of the LGM boundary ranged from 0.23 kybp (MD) to >33 kybp (AL). The two macrofossil sites north of the LGM boundary represented ages of 8.57-9.26 kybp (east central ME) and 10.4-10.8 kybp (eastern MN). Macrofossil sites were located near the three major regions (Upper Mississippi Valley, Upper Great Lakes, and Eastern Seaboard) that were sampled for DNA analysis ( Fig. 3 ) .
Seed morphology -Eurasian specimens of N. gracillima possessed shorter seeds (1.60-2.20 mm) than those that originated from eastern North America (2.38-3.31 mm; Fig. 2 ). The range of seed length for nonindigenous European plants (1.70-2.10 mm) fell within those reported for indigenous Asian plants Fig. 3 . Distribution of Najas gracillima with locations of specimens sampled for genetic analyses. The light gray-shaded areas depict the distribution of N. gracillima reported by Haynes (2000) . An unshaded polygon delimits the major rice-growing region (>35 000 acres) of California ( National Agricultural Statistics Service, 2012 ). The solid black line approximates the extent of glaciations during the LGM. Macrofossil localities are marked by circled X's. Different nrITS genotypes are indicated as solid black circles (nr1), white stars (nr2), white circles (nr3), a black triangle (nr4), a black-centered white circle (nr5), black-centered white triangles (nr6), or black asterisks (nr7).
haplotypes by 3-4 nucleotides ( Table 2 ) . One of the Korean haplotypes ( trnK / matK 4) also characterized all of the CA material examined (the herbarium material from Italy did not yield adequate DNA for amplifi cation and sequencing of this region).
Like nrITS and trnK / matK , the rbcL alignment also lacked indels within the 1151 sites sequenced. Despite its limited variation, we were able to detect three rbcL haplotypes ( rbcL 1-3) in N. gracillima ( Table 2 ) . Two haplotypes ( rbcL 1-2) differed by two nucleotides and were detected only among American accessions. A third haplotype ( rbcL 3) differed from the American haplotypes by 1-3 nucleotides and characterized the accessions from Korea and also those from CA ( Table 2 ) . Sequence data for this locus also could not be obtained from the herbarium material from Italy.
Our selection of loci effectively distinguished N. gracillima from N. minor (see Les et al., 2010 ) , enabling us to differentiate even vegetatively similar, fi nely leaved, sterile specimens of the latter from the former. A number of sites reported previously to contain N. gracillima were found currently to contain only the invasive N. minor , indicating either earlier misidentifications or the displacement of the former by the latter. In addition, we found that several CA specimens of N. 
DISCUSSION
Najas gracillima is native to far eastern Asia (China, Japan, Korea, Russia, and Taiwan) and North America ( Triest, 1988 ) . In the Old World, the plants occur commonly in association with rice fi elds, and adventive populations have been introduced to Southern Europe (Italy, France, and Spain), where agricultural practices associated with rice culture have been implicated as their principal pathway for introduction ( Triest, Seeds of nr5 generally were smaller, their mean length differing signifi cantly from three genotypes: nr1 ( t = 2.88, df = 15, P = 0.01), nr2 ( t = 5.30, df = 15, P < 0.01), and nr4 ( t = 8.11, df = 3, P < 0.01); but not from two genotypes: nr3 ( t = 2.14, df = 9, P = 0.06) and nr6 ( t = 2.19, df = 11, P = 0.05). Genotype nr6 differed signifi cantly from nr4 ( t = 3.30, df = 10, P < 0.01), which had a small sample size ( n = 2).
DNA sequence analysis -The nrITS alignment for N. gracillima was devoid of indels within the 741 sites examined, and no indication of intragenomic polymorphism was observed in any of the accessions sequenced. Although no two accessions exceeded 1.61% nucleotide divergence, sequence variation was suffi cient to differentiate nine distinct genotypes (nr1-9) for the locus ( Table 1 ) . Six genotypes (nr1-6) occurred exclusively among the North American collections surveyed. Genotype nr2 was found in six states (CT, MA, NC, NH, OH, RI) both north and south of the LGM boundary. Two genotypes were found in fi ve states each: nr1 (CT, IN, ME, MN, WI) and nr6 (AL, IL, KY, MO, TN). Genotype nr3 occurred in three states (CT, PA, VT); nr4 (NH) and nr5 (SC) each were found in only one state. Genotypes nr2, nr3, and nr5 each differed from nr1 by a single nucleotide change, whereas nr4 differed by two nucleotides. The nr6 genotype differed more radically, exhibiting eight substitutions in relation to nr1, seven of them concentrated within a 13-nt region of ITS-2 ( Table 1 and Fig. 4 ) . This divergent genotype characterized accessions from fi ve states south of the LGM boundary and south or west of the Appalachian Mountains. It was not detected in any population sampled from sites north of the LGM boundary ( Figs. 3 and 4 ) .
Three genotypes (nr7-9) were detected among the six Korean samples analyzed, nr8 being the most common of these (4 localities). One genotype (nr9) was observed only in Jeonbuk Province and another (nr7) only in Gangwon Province (Goseong). The latter (nr7) also occurred in the nonindigenous Vercelli, Italy, sample as well as in all nine CA localities analyzed ( Table 1 and Fig. 4 ) , indicating the origin of this material from an Old World rather than New World source.
The trnK (916 nt)/ matK (216 nt) alignment for N. gracillima also was devoid of indels within the 1132 sites examined. Even though sequence divergence in this region (<0.4%) was much lower than for nrITS, still we were able to differentiate fi ve distinct haplotypes ( trnK / matK 1-5) among the accessions evaluated ( Table 2 ) . Three haplotypes ( trnK / matK 1-3) were detected only in the American samples and differed from one another by ≤ 2 nucleotides. Two novel haplotypes ( trnK / matK 4-5) distinguished the Korean samples, which differed from the American TABLE 1. Nuclear DNA (nrITS) variation in Najas gracillima . Shown sequentially are the 16 mutations (in relation to nr1) detected along a 741-nt region sequenced. Boxed area shows identity of one Asian genotype (nr7) with nonindigenous populations (*) from southern Europe and California.
Genotype ITS-1 (locus) ITS-2 (locus) ( Martin and Uhler, 1939 ; Muenscher, 1944 ) . Although it was reported as common throughout the state by some later authors ( Beal, 1977 ; Haynes, 1979 Haynes, , 2000 , others (e.g., Godfrey and Wooten, 1979 ) did not acknowledge its occurrence anywhere in the southeastern United States. Franklin and Finnegan (2006) listed N. gracillima as rare (S2) in NC but extirpated or historical from all 12 counties of known occurrence. We were unable to locate any extant populations in the state, despite rather extensive searches. Similarly, N. gracillima either is extremely rare or extirpated from eastern VA, where we could not locate the plants despite the occurrence of a few historical records ( Muenscher, 1944 ; Haynes, 1979 ) . Inaccurate distributional accounts have resulted from misidentifi cation of the nonindigenous N. minor as the vegetatively similar N. gracillima ( Meriläinen , 1968 ; Wentz and Stuckey, 1971 ; Haynes, 1979 ) . At least one report of N. gracillima in TN is based on a misidentifi ed specimen of N. minor ( Webb and Dennis, 1981 ) . Among the more recent records reported from southern IL, at least some also represent misidentifi cations of N. minor ( Michaels and Sass, 2010 ; R. Phillippe, personal communication). The current distribution of N. gracillima in IL is diffi cult to evaluate. The species is rare in the state and was not even reported there by Haynes (1979 Haynes (2000) , but its current range is diffi cult to interpret as a consequence of extirpations, confusion with the nonindigenous N. minor , and introductions of conspecifi c but nonindigenous populations.
Although fossils document the presence of N. gracillima in portions of eastern North America 9000-24 000 yr ago ( Stuckey, 1983 ) , widespread disappearances from many historical localities ( Wentz and Stuckey, 1971 ; Haynes, 1979 ) have altered its distribution signifi cantly over the past century. More than 30 yr ago, N. gracillima already had become "exceedingly rare" throughout its range, presumably because of its inability to tolerate pollutants ( Haynes, 1979 ) .
Extreme rarity or extirpation explains the majority of cases in which we did not locate the species during our fi eld surveys, as 
n/a n/a n/a Italy* n/a n/a n/a n/a n/a trnK/matK 5 (Asia)
Seed morphology -Specimens of N. gracillima from CA possess much smaller seeds than the plants native to eastern North America ( Fig. 1 ) . On the basis of measurements obtained using digital image analysis, the seeds of N. gracillima examined from the eastern United States were, on average, a third (32%) longer ( x = 2.72 mm) than those originating from CA ( x = 1.84 mm), and the ranges in seed length observed for these two regions did not overlap ( Figs. 1 and 2 ) . By contrast, measurements of seed length reported for material of N. gracillima originating in eastern Asia or southern Europe coincided well with those obtained for the smaller CA seeds ( Figs. 1 and 2 ) . Thus, this discrete difference in seed length would indicate that CA material is of Old World rather than eastern North American provenance.
Previously, Triest (1988) proposed that seed-length differences might help to elucidate the source of nonindigenous southern European N. gracillima plants, concluding similarly that the shorter-seeded European plants appeared to better match the lengths of seeds originating from eastern Asian rather than North American specimens. He could not, however, determine defi nitively whether the European plants originated from eastern Asia or from North America because the range of North American seed lengths reported by Haynes (1979) exceeded values observed for Old World specimens, yet also extended to the smaller lengths more typical of native Asian plants. In retrospect, this anomaly is understandable given that the treatment by Haynes (1979) included CA plants, which would have skewed his measurement range. Our results confi rm that seed length can be used to ascertain the origin of southern European N. gracillima as Triest (1988) intended. Essentially, we found that New World plants possessed seed lengths >2.3 mm, whereas Old World plants have seed lengths <2.3 mm ( Fig. 2 ) . The lengths of seeds from all the European material we evaluated clearly placed them among the values reported for Asian rather than North American specimens ( Fig. 2 ) .
The larger seed size of extant North American N. gracillima is consistent with the size of fossilized seeds of this species. Macrofossil seeds of N. gracillima recovered from deposits as old as 75-125 kybp in Canada, 20.1-22.9 kybp in GA, and 10.4 kybp in MN ( Wright and Watts, 1969 ; Watts, 1970 ; Anderson et al., 1990 ) have lengths ranging from 2.4 to 2.8 mm. The smallest seeds from extant eastern U.S. populations were associated with genotypes nr5 and nr6, both known only from localities south of the LGM boundary. It would be informative to compare germination rates among different seed sizes of N. gracillima , given that the largest seeds are associated with genotypes (nr2-4) that occur in northern latitudes, where additional seed resources could be benefi cial.
Because plants of N. gracillima that originated from different geographic areas do not differ vegetatively ( Triest, 1988 ) , it is conceivable that nonindigenous genotypes could easily be introduced cryptically into an area where they might remain undetected for years. Moreover, despite their annual habit, a fair number of CA specimens that we examined lacked mature seeds, which provide the only taxonomically informative characters for comparison. Even the different seed-length classes that we have described are not striking upon casual observations of different specimens, among which individual seed lengths can vary considerably ( Fig. 2 ) . To quantify such minute (e.g., 0.1-mm) differences accurately, fairly precise and consistent measurements are required, which we achieved using digital image analysis.
The continued invasion of N. gracillima habitats by N. minor has resulted in some voucher specimens (identifi ed as one or the other species) that actually represent mixtures of both ( Wentz and Stuckey, 1971 ) . The aggressive spread of N. minor also has made it extremely diffi cult to determine whether the sole presence of N. minor at a historical N. gracillima locality represents an original misidentifi cation or a recent displacement. In one such case, N. gracillima reportedly was collected from Ross Barnett Reservoir, MS, in 1970 ( S. B. Jones 19054 [MISS] ), yet our survey of the site in 2009 found only N. minor present. Similarly, in 2012 we surveyed sites in southern IN reported to contain N. gracillima by Thomas et al. (2005) , but found only N. minor plants. Other inconsistencies are evident by the listing of an identical voucher specimen for both taxafor example, the same specimen from Knob Lake, IN ( Starcs 2123 ; BUT), which Wentz and Stuckey (1971) cited both for N. gracillima (p. 293) and N. minor (p. 300). We surveyed Knob Lake, IN, in 2010, only to fi nd N. minor exclusively.
The preceding examples emphasize the utility of genetic data for distinguishing N. gracillima from N. minor with confi dence. We often were hesitant to identify some of our own fi eld collections of N. gracillima in the absence of seeds, which provide the most reliable nonmolecular characters for identifi cation. Because we verifi ed the identifi cation of all collections genetically, our survey of populations ( Fig. 3 ) comprises a reliable sample of populations in the United States and serves as a suitable basis for phytogeographic evaluation.
Najas gracillima in California -Because of its uncertain origin in CA, N. gracillima could be categorized as a cryptogenic species in the sense of Carlton (1996) . Populations of N. gracillima often are regarded as indigenous in CA ( Haynes, 2000 ; NatureServe, 2012 ; U.S. Department of Agriculture, 2012 ) despite their fairly recent discovery and anomalous geographic disjunction ( Fig. 3 ) . Although similar east-west North American disjunctions are exhibited by a number of other aquatic plants ( Les, 1986 ) , it is not likely that N. gracillima ever was native to CA. Because such a pattern is attributed to successive glacial events ( Les, 1986 ) , such an explanation would require that relictual populations of N. gracillima had been overlooked throughout a region that was botanized extensively for more than a century. In addition, the increasing discovery of new CA populations over the past 50 yr renders such a hypothesis untenable and indicates a far more recent origin of populations in that area.
In the latest fl ora of CA, Thorne et al. (2012) described N. gracillima as "native to ne US," implying that the CA plants potentially had originated from the northeastern part of the country. Yet we are unaware of any source that provides an explanation for how this species, so rare in the eastern portion of its North American range, could have been introduced westward to any of the distant CA localities. Waterfowl represent the most signifi cant dispersal agents of Najas seeds ( Triest, 1988 ) ; however, the major North American waterfowl fl yways are oriented from north to south ( Lincoln, 1935 ) and, thus, incompatible with such a dispersal pattern.
Contrary to these previous assessments, our study is the fi rst to provide conclusive morphological and genetic evidence that the CA populations of N. gracillima are not native but nonindigenous to North America. We propose that N. gracillima represents a cryptic introduction to CA from eastern Asia, which has been obscured by the phenotypic similarity of plants throughout the species' range. These conclusions are derived from the following results. [Vol. 100
Dieffenbacher-Krall and Jacobson (2001) conducted a similar analysis using a more extensive pollen profi le data set, which included 683 North American sites. In contrast to the more methodical pace indicated by Vesper and Stuckey's (1977) analysis, those results indicated that aquatic plants essentially recolonized habitats along the front of the Laurentide ice sheet nearly as quickly as it retreated northward, a conclusion similar to that reached by Iversen (1954) for European aquatic plants. Despite their larger data set, the analysis by DieffenbacherKrall and Jacobson (2001) revealed little insight regarding specifi c source refugia or directional routes of migration into the Great Lakes region because of the rapid colonization rate indicated. Sawada et al. (2003) again evaluated the postglacial migration of North American aquatic plants using an even larger data set comprising 782 pollen profi le sites. Even though that study suggested additional migratory routes for aquatic plants in western North America, their results basically reiterated those of Dieffenbacher-Krall and Jacobson (2001) : that aquatic plants colonized habitats along the retreating Laurentide ice front quite rapidly.
Although these pollen profi le studies have clarifi ed some details regarding how aquatic plants recolonized newly deglaciated habitats in North America, they cannot specifi cally address Najas , whose delicate pollen does not fossilize ( Birks, 1980 ) . Here, a comparable analysis must rely on the macrofossil record, which is considerably less comprehensive for N. gracillima (our current compilation includes just 16 North American localities). By using the macrofossil record, Stuckey (1993) categorized N. gracillima as a "Species of the Appalachian Upland and the Interior Highlands…." The addition of fossil reports since that work extends its former distribution to the Mississippi Embayment and Gulf Coastal Plain regions ( Fig. 3 ) .
The availability of only two macrofossil sites north of the LGM, however, precludes any substantive disclosure of migratory routes for N. gracillima . Consequently, the existence of N. gracillima in ME by 8.57-9.26 kybp ( Almquist et al., 2001 ) and in MN by 10.4-10.8 kybp ( Wright and Watts, 1969 ) is compatible with different scenarios regarding the origin of the species in the Upper Great Lakes region. If two different migratory routes were followed as suggested for many other aquatic plants by Vesper and Stuckey (1977) , then the somewhat earlier date observed for the ME locality could refl ect a more rapid recolonization of the northeastern United States from a large pool of populations surviving along the Atlantic Coastal Plain with a somewhat slower colonization of the Upper Great Lakes region (MN) attributable to fewer refugia in the Interior Highlands ( Fig. 3 ) . Alternatively, an incremental colonization from the Atlantic Coastal Plain occurring fi rst to the Northeast and then westward to the Upper Great Lakes would be equally plausible.
Although distinguishing between the preceding hypotheses seemingly is intractable from the existing fossil record, a clearer picture is provided by genetic data. Only one genotype (nr6) was found among extant N. gracillima populations in the Interior Highlands-Mississippi Embayment region ( Fig. 3 ) . The isolated nature of these populations is indicated by the relatively high level of DNA sequence divergence between nr6 and all other populations of N. gracillima examined ( Table 1 and Fig. 4 ) . Moreover, the nr6 genotype was not detected anywhere north of the LGM boundary ( Fig. 3 ) , which indicates a lack of northward postglacial migration from populations in the Upper DNA sequence analysis -Seed data results were confi rmed by molecular data, which provided congruent evidence for the origin of Southern European and CA plants of N. gracillima . Out of the nine nrITS genotypes detected among the material that we evaluated, specimens from Asia (Korea), Southern Europe (Italy), and CA possessed the same (nr7) genotype ( Table  1 and Fig. 4 ) . Except for the Italian material (which did not yield suffi cient DNA for cpDNA analysis), this same group of plants also possessed identical haplotypes among the eight detected for two cpDNA loci: trnK / matK and rbcL ( Table 2 ) . Taken together, the CA material of N. gracillima not only possessed the smaller seeds characteristic of Old World plants ( Figs. 1 and 2 ), but also completely matched native Asian material that originated from Goseong, Korea, at all three DNA loci surveyed. By contrast, neither the CA plants nor the Italian material possessed any of the features characteristic of native populations that originated from the eastern United States ( Tables  1 and 2 ; Figs. 2 and 4 ) . Accordingly, these results provide defi nitive evidence for the nonindigenous introductions of both the CA and Italian material analyzed. Triest (1988) commented extensively on the association of N. gracillima with rice fi elds. He described several life-history traits of this species as being well adapted to the fl uctuating environment (seasonal water drainage) characteristic of rice culture. These features include the ability of N. gracillima to achieve rapid seed production by means of (geitonogamous) self-pollination and the ability of the seeds to retain viability after >2 yr of storage in dry sand ( Triest, 1988 ) . He attributed the dispersal of N. gracillima to the European rice fi elds to accidental transport with agricultural products and queried whether CA plants also grew in rice "paddy" ( Triest, 1988 ) .
The match of European and CA N. gracillima plants to Korean material is understandable, given the status of the latter region as a major worldwide rice producer ( Dawe, 2002 ) . It is highly likely that N. gracillima was introduced to CA along with seeds or rice plants that originated either from Korea, or from other eastern Asian regions where this distinctive genotype might also occur. Not surprisingly, the current distribution of N. gracillima in CA lies almost exclusively within the major rice-growing region of the state ( Fig. 3 ) . Najas gracillima in glaciated North America -With respect to indigenous North American populations of N. gracillima , the migratory routes followed during the colonization of deglaciated habitats have been diffi cult to elucidate. Fossil pollen and macrofossils often provide useful data for reconstructing the phytogeographic history of plants ( Gugger and Sugita, 2010 ) and have been used to study the migration of aquatic angiosperms. Vesper and Stuckey (1977) synthesized pollen profi le data to elucidate the most likely migratory routes followed by aquatic plants as they recolonized the Great Lakes region subsequent to the LGM, which in the Northern Hemisphere occurred approximately 19-20 kybp ( Clark et al., 2009 ) . Their analysis suggested two main routes in the eastern United States: migration northeastward or northwestward from the Mississippi Valley and migration north along the Atlantic Coastal Plain through New England and then westward ( Vesper and Stuckey, 1977 ) . Their pollen profi le analysis also indicated that extreme westward localities in the region (e.g., MN and WI) were likely to have been colonized primarily by source populations that originated in the Mississippi Valley because of the substantial barrier to east-west migration imposed by the Appalachian Mountains ( Vesper and Stuckey, 1977 ) .
N. gracillima populations to rice-fi eld conditions ( Triest, 1988 ) indicates that the ecology of Asian plants also differs from that typically associated with the species in northeastern North America.
Our results show Najas gracillima to be a complex species that exhibits morphological, ecological, and genetic divergence across its broad geographic range. With respect to future conservation efforts, we emphasize the following: (1) N. gracillima is nonindigenous in California, where it should be managed not as an imperiled taxon, but as a potentially invasive weed; (2) our analyses indicate that a high level of genetic diversity is retained among N. gracillima populations in the northeastern United States; (3) genetic data indicate that N. gracillima that occur north of the LGM boundary are derived primarily from refugia along the Atlantic Coastal Plain and Piedmont; and (4) the genetic and ecological uniqueness of N. gracillima populations in the southern United States (south of the LGM boundary) warrants exceptional conservation priority, particularly because this area has experienced the greatest loss of populations in the past century.
LITERATURE CITED Mississippi Valley. By contrast, all populations examined in the Upper Great Lakes region (IN, MN, OH, and WI) possessed genotypes (nr1 and nr2) that also occur commonly in the northeastern United States ( Fig. 3 ) . These results offer persuasive evidence that extant N. gracillima populations in the Upper Great Lakes region were established as a result of colonization from populations in the northeastern United States rather than from those surviving in the Upper Mississippi Valley.
Our data also indicate that present populations in the eastern United States were derived from refugia along the eastern Piedmont and Atlantic Coastal Plain. The ITS genotypes resolved from N. gracillima sampled north of the LGM boundary include one (nr2) that also occurs south of the glaciated region ( Figs. 3 and 4 ) . All genotypes detected north of the LGM boundary are most similar to that found in SC ( Table 1 ) , which occurs in proximity of a fossil locality dated at 12 kybp ( Fig. 3 ; Stuckey, 1983 ) . The SC genotype (nr5) differs by only 1-3 mutations from those encountered in the northeastern United States (nr1-4) and is most similar to nr1, which extends westward to MN ( Table 1 ; Figs. 3 and 4 ) . By contrast, the ITS genotype associated with populations residing in the Interior HighlandsMississippi Embayment region (nr6) differed from all northeastern U.S. genotypes by 7-10 mutations ( Fig. 4 ) .
Because of their overall similarity, it is possible that some of the current northeastern U.S. genotypes refl ect mutations that have arisen since the retreat of the Pleistocene glaciers and initial colonization of that region. In any case, the northeastern United States possesses the greatest genetic diversity for the DNA data that we evaluated ( Table 1 ; Figs. 3 and 4) . This observation also could refl ect a richer pool of genetic variation associated with refugia along the Atlantic Coastal Plain and Piedmont.
The southernmost contemporary locality from Lafayette Lake, AL, is quite isolated and includes plants that are divergent genetically (nr6) and found in proximity of several fossil sites ( Fig. 3 ) , factors that implicate this area as a relictual glacial refugium. The nr6 genotype is more divergent from other indigenous North American genotypes of N. gracillima than the latter are from indigenous Asian genotypes ( Fig. 4 ) . The same genotype extends west of the Appalachian Mountains northward but was not detected north of the LGM boundary. Thus, we found no evidence that N. gracillima populations in the Interior Highlands-Mississippi Embayment region migrated northward into deglaciated regions as some authors (e.g., Vesper and Stuckey, 1977 ) had proposed for other aquatic species.
A similar pattern has been found in elk thistle ( Cirsium scariosum ). Disjunct elk thistle populations in Quebec were found to be more divergent genetically from those in western Canada than the latter were from a closely related species, a result attributed to isolation of the populations due to Pleistocene glaciations ( Golden et al., 2008 ) . Presumably, the relatively highly divergent nr6 genotype of N. gracillima also indicates a prolonged period of isolation between plants that survived the Pleistocene glaciations in sites generally east rather than west of the Appalachian Mountains.
It is possible that plants associated with the nr6 genotype are not well adapted to colonize extant northern habitats. Wentz and Stuckey (1971) described N. gracillima as a "northern, cooler and clearer water species…" that was intolerant of warming, turbidity, and eutrophication. By contrast, we have observed plants with the nr6 genotype growing in highly turbid, warm, and eutrophic waters (e.g., Les 829 & Tippery 306 , CONN) . As we recounted earlier, the adaptation of Old World
